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Abstract

Signif icant energy savings in t h e paper industry can r e s u l t f rom character izat ion o f paper pulps by d i r e c t
measurement o f f i b e r morphology w i t h automatic methods. We discuss the various f i b e r p rope r t i es f o r wh ich auto-
mat ic image analysis applied to.microscope images o f pulps can y ie ld savings o f mater ia ls and energy. Computa-
t i ona l algorithms applied t o actual f i b e r data are shown t o y i e l d u s e f u l measurements f o r f iber length, cu r l , and
potent ia l ly other propert ies. New f ibe r morphology measurement algorithms can i n c l u d e c u r l and length as
spec ia l cases. Po ten t ia l s f o r co l laborat ion between t h e paper industry and t h e image analysis instrument industry
a re explored.
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I. Measurement Problems in Paper Manufacturing

The paper industry, which i s t h e fourth l a r g e s t
consumer o f energy i n t h e United States today, uses
la rge quant i t ies o f r a w mate r ia l s t o produce the
various grades o f paper and o t h e r products f r om pulps.
Economical paper production depends on re l i ab le char-
acter izat ion o f these pulp materials.

H i s t o r i c a l l y , t h i s character izat ion has been
achieved by using mater ia ls wh ich have constant char-
a c t e r i s t i c s f r o m one source o f supply t o t h e next--
typical ly , v irgin pulps f r o m w e l l - c o n t r o l l e d and w e l l -
understood t imber supplies. But even t h e use o f virgin
pulp requ i res character izat ion before it can be placed
i n t o product ion use.

One reason why t h e recovery o f waste paper pro-
ducts as an al ternat ive source o f supply has no t been
heavily p rac t i ced i s because t h e d i f f i cu l t y o f pre-
dict ing t h e propert ies o f r a w mater ia ls coming f rom
heterogeneous sources places an insurmountable burden
on the charac te r i za t i on problem.

Paradoxically, t h e methods f o r characterizing r a w
pulp m a t e r i a l s a re w e l l understood i n t h e sense that
the re are manual methods f o r determining many pulp
proper t ies that p r e d i c t t h e proper t ies o f t h e r e s u l t i n g
manufactured product. Most o f these methods have not
rece ived the study necessary t o lead t o any degree o f
automat ion.

It i s t h e purpose o f t h i s paper t o consider
methods f o r automating the measurement o f pulp pro-
per t i es , espec ia l l y those o f a morphological nature
that can be used t o predict t h e proper t ies o f t h e
r e s u l t i n g paper product.

Pulp f i b e r s , espec ia l l y chemical pulp f ibe rs , are
not su i tab le f o r paper manufacture as produced by a
pulpmill.Paper made f rom untreated pulp i s very weak
and porous, has a l o w density, and the mass d i s t r i -
bution i s very disperse. In order t o make paper,
having sui tab le propert ies, it i s necessary t o sub jec t
t h e f i b e r s t o mechanical action. Mechanical act ion,
such as beating o r refining, r e s u l t s i n changes i n the
morphological s t r u c t u r e o f t h e f i b e r s essen t ia l t o
making good paper.

'This work was done, in part, under interagency agree-
ment E(49-1)-3800 between t h e Energy Research and
Development Administrat ion and the National Bureau o f
Standards.

During the beating o r re f in ing process t h e f i b e r s
imbibe w a t e r and s w e l l , f i b r i l s f o r m and extend f r o m
t h e f i b e r wal l , f i be rs are c u t , sur face area increases,
debris i s produced, t h e f i b e r s become more f l e x i b l e ,
the ou te r w a l l s o f t h e f iber a re removed and in te rna l
bonds are broken.

The degree and t y p e o f change i n the morphological
s t ruc tu re o f f i b e r s resu l t ing f r o m mechanical action
depends on t h e design o f t h e mechanical equipment, t h e
t ype o f pulp used, the energy imparted t o t h e f i be rs ,
t h e temperature, consistency o f t h e pulp s l u r r y ,
duration and many other variables. It i s des i rab le t o
c o n t r o l t h e variables i n mechanical refining consis -
tent ly t o produce t h e des i red type and degree o f
morphological change i n t h e f i b e r s and a t a minimum
expenditure o f energy. B u t i n general, great r e l i a n c e
i s placed on prior experience f o r adjustments o f the
many variables inherent i n t h e process. I n essence the
mechanical ac t ion process has no r e l i a b l e on- l ine
quality c o n t r o l measurement techniques avai lable t o it.

Mechanical pu lps der ive t h e i r name f r o m t h e f a c t
that wood i s disintegrated i n t o a fibrous s t a t e mechan-
i c a l l y as opposed t o chemical pulps which a re produced
by the d isso lu t ion and removal o f l ignin which holds
t h e f i b e r s together causing the wood t o dis in tegrate
i n t o i t s component f i b e r s . It i s t o b e recognized that
mechanical pulps contain p rac t i ca l l y a l l o f the lignin
o f the or ig inal wood. When one considers that pulp
y i e l d s from mechanical pulping are as high as 95 per-
cent and that t h i s pulping process generates l i t t l e a i r
o r water pol lut ion, it i s easy t o understand why t h e
paper industry i s turning more and more towards mechan-
i c a l pulps for t h e i r source o f virgin f i b e r .

The advantage i n using mechanical pulps arose f rom
t h e economic advantages stemming f r o m the high y i e l d o f
pulp and cheap hydroelect r ic power. However, during
t h e past severa l years cheap hydroe lec t r i c power has
vanished. The p r i c e d i f fe ren t ia l between chemical and
mechanical pulps i s not as great as it once was. Any
development which would lead t o a substantial savings
in energy consumption i n t h e mechanical pulping indus-
t r y wou ld be extremely b e n e f i c i a l .

I n making mechanical pulp, as i n any o the r pulping
process, it i s imperative that a usable, uniform pulp
be cons i s ten t l y produced at minimum costs t o make a
s a t i s f a c t o r y product. Once the q u a l i t i e s needed i n a
mechanical pulp have been establ ished it i s essen t ia l
that those q u a l i t i e s be maintained. Consequently,
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quality c o n t r o l t e s t s a re needed w h i c h will accurately
r e f l e c t t h e quality of t h e pulp. To complicate the
situation, ground wood, which i s t h e mechanical pulp
most frequently manufactured, i s a mix tu re o f pulps
f rom a number o f grinders each o f which produces a pulp
of a d i f f e ren t quality. Furthermore the re a re many
d i f fe ren t grades o f ground wood pulp anduntil r e c e n t l y
the re have been no s imple quality con t ro l t e s t s t o
cover a l l the various grades o f ground wood pulp.

In 1963, Forgacsl showed that mechanical pulps
could be character ized by t h e weight -average f i b e r
length and by a shape f a c t o r which was related t o the
hydrodynamic s p e c i f i c surface o f t h e f ibe rs . This
characterizat ion was based on a measure o f weighted
f i be r length, a measurement o f t h e adhesive quality o f
t h e f ines, and a measurement o f t h e number o f shives.
Shives are bundles o f incompletely separated f i b e r s
which cause imperfections in paper. The long f i b e r
component o f the pulp serves t o strengthen t h e paper
whereas t h e f i n e s provide the adhesive. Measurement o f
the adhesive quality o f the f i n e s requi res a knowledge
o f t h e re lat ionship between f iber leng th and spec i f i c
sur face i n t h e pulp.

Although t h e measurements necessary for t h e
characterizat ion o f mechanical pulps have been identi -
f ied, no on- line system f o r these measurements has been
developed. As l a t e as 1967, it was bel ieved that it
would be impractical t o make measurements o f f i b e r
leng th and surface area on a rou t ine basis because o f
t h e tediousness and duration o f t h e measurements. 2 The
approach taken was t o make ind i rec t measurements o f t h e
p rope r t i es t o be measured. A system was designed f o r
t h e on- line measurement o f t h e propert ies w h i c h gave an
ind i rec t measurement o f t h e c r i t i c a l parameters. The
system appeared t o per form s a t i s f a c t o r i l y undermill
conditions. However, apparently it was not s u f f i -
c i en t l y sensi t ive t o reso lve signi f icant d i f ferences in
pulp quality.

In recent years a new mechanical pulping process,
thermomechanical pulping, has gained i n popularity.
Use o f thermomechanical pulp (TMP in newsprint permits
t h e el imination o f chemical pulp.' Th is can mean an
overa l l f iber savings o f more than 15 percent. More
importantly t h e manufacturing o f newsprint would r e l y
l e s s on chemical pulps which or ig inate f rom more
polluting pulping processes. In addition it has been
poss ib le t o reduce the t o t a l amount o f f i b e r used t o
produce c e r t a i n t ypes o f paper wi thout s a c r i f i c i n g
quality, thus giving r i s e t o material savings.

Even though TMP has so many advantages, pulp has
not been produced w i t h TMP consistent with the desir -
able proper t ies it gotent ia l l y can have, primarily
because there are no on- line measurement techniques
which will a l l o w f o r t h e c o n t r o l o f manufacturing
variables w h i c h e f f e c t pulp quality. As a consequence,
newsprint and other publication grades o f paper manu-
fac tu red f rom TMP s t i l l r e l y on chemical pulps t o
insure meeting o f performance speci f icat ions f o r t h e
paper. I n many instances paper i s over-engineered i n
order t o assure that t h e paper produced can at l e a s t
meet speci f icat ions consis tent ly . If the spec i f i -
cat ions are not met, t h e paper has t o be merchandised
at a lower grade o r reprocessed. Neither a l te rna t i ve
i s acceptable.

TMP i s a lso perhaps the most energy intensive o f
all the mechanical pulping processes. The greater
u t i l i z a t i o n o f energy i s , i n la rge part, owing t o the
necessi ty o f cons is ten t l y assuring a quality pulp.
Without a doubt an on- line measurement system i s
essen t ia l for TMP if t h i s method i s consis tent ly t o
produce high quality pulps w i t h a minimum amount o f

energy. Fiber leng th distribution and shape factors
are t h e parameters essen t i a l t o t h e quality deter -
mination o f TMP pulps.

Up t o now the only morphological proper t ies we
have discussed were f i b e r length, geometric area and
shape. There are other morphological c h a r a c t e r i s t i c s
w h i c h a re equal ly and in some cases more impor tan t .
One such c h a r a c t e r i s t i c i s f i b e r c u r l . pulp f i b e r s are
usually bent t o varying degrees during pulp manufac -
turing. This bending i s termed " cur l " . The cu r l i ness
o f f i b e r s has a marked e f f e c t on the mechanical pro-
p e r t i e s o f paper, especia l ly i t s extensibi l i ty. Also,
curly f i b e r s w i l l not respond t o st resses as do
straight f i be rs . In some instances a high degree o f
c u r l i s desired w h i l e i n others it i s undesirable.
While the e f f e c t o f c u r l i s known4 the re i s no quanti-
ta t ive method available f o r t h e measurement o f cur l .

Another important morphological cha rac te r i s t i c o f
pulp f i b e r s i s coarseness which i s expressed as the
weight per unit length of f iber . The coarseness o f
f i b e r s has a great ef fect on strength, smoothness and
folding endurance as an example. Coarseness i s depen-
dent on f iber thickness, the s i ze o f the c e n t r a l canal
o r lumen o f t h e f i b e r and the density o f the c e l l w a l l
material. Because o f the low t o t a l weight o f t h e
samples c u r r e n t l y used t o determine coarseness, and
because o f t h e natural variation o f f ibers , e r ro rs i n
coarseness measurement are qu i te possible. One means
o f reducing the e r r o r i s t o increase t h e sample s i z e
but t h e n the measurement t i m e a l s o increases.

In addition t o t h e above morphological character -
i s t i c s , measurement of f iber slenderness, f iber de-
f e c t s , determination o f whole versus f rac t iona l f ibers ,
f la tness, c l a s s i f i c a t i o n as t o source, and c lass i -
f i ca t i on as t o t r e e species are also proper t ies o f
importance. Automation o f t h e i r measurement would be
o f great importance t o t h e paper industry.

Consider t h e problems i n using pulps made f r o m
waste paper cons is t i ng o f a mix tu re o f paper grades.
Mixed waste paper va r ies i n composition f r o m source t o
'source and from day t o day f r o m a single source.
Because of t h i s great variation and unknown composition
mixed waste i s used only f o r the lowest o f paper grades
and consequently has t h e lowest u t i l i ty o f allwaste
paper grades. Unfortunately, mixed waste i s t h e most
abundant grade o f waste paper available. If paper
recyc l ing i s t o increase signif icantly, g r e a t e r ut i l -
iza t ion o f this grade o f waste paper must occur.

Paper s tock dealers are usually uncer ta in o f t h e
long range demand f o r mixed waste paper, r e s u l t i n g in
great re luc tance t o handle t h i s grade o f paper stock.
Processors a re u n c e r t a i n o f the abi l i ty o f suppl iers t o
provide an acceptable mixed waste over an extended
per iod o f time. Furthermore, it i s always questionable
whether the equipment t o process mixed waste paper i s
s u f f i c i e n t l y r e l i a b l e t o produce a product which will
meet t h e customers' spec i f i ca t i ons .

Some o f the uncer ta in t i es could be removed by
developing a n a l y t i c a l and physical t e s t methods which
would enable e i t h e r t h e waste paper o r the pulp pro-
duced f r o m the waste paper t o be characterized. The
great variabil ity that i s so common with mixed papers
could then be coped w i t h by paper manufacturers and
there would be a greater probability o f producing
products capable o f meeting customer spec i f i ca t i ons .
Appropriate t e s t methods could thus provide a greater
incen t i ve f o r recyc l i ng by reducing many o f t h e eco-
nomic and techno log i ca l unce r ta in t i es .



The greatest concerns o f paper recyc l ing are t h e
morphological and mechanical propert ies o f the pulp
f i b e r s and t h e cleanl iness o f t h e pulp. Clean pulps
are necessary f o r good performance on paper machines
and for appearance propert ies. The importance o f the
morphological and mechanical p rope r t i es o f pulp f i b e r s
have been discussed e a r l i e r .

A t f i r s t glance, it would appear that t h e requi re -
ments f o r characterizing recyc led pulps i s not v e r y
d i f f e r e n t from virgin pulps w i t h t h e exception o f d i r t
measurement. In a sense t h i s i s the case. However,
variations i n mixed waste paper pulp quality occur
during processing because o f t h e inherently variable
material . It i s necessary constant ly t o moni tor the
quality o f recyc led pulps so that as variat ions in
quality a r i se , the pulp can be d i rec ted t o an area
corresponding with t h e quality o f pulp being produced.

11. The Technology o f Fiber Morphology Measurement

Microscopy i s an establ ished method f o r measuring
the morphological c h a r a c t e r i s t i c s o f f i be rs . The
techn iques a re w e l l developed and extens ive ly used.
But because o f t h e tediousness and duration o f the mea-
surement, microscopy i s almost never used f o r quality
con t ro l . What we are addressing i s t h e question o f
automating the microscopic measurement techniques f o r
f i b e r morphology, decreasing t h e duration and t e d i -
ousness o f t h e measurements and, i n t h e process, making
microscopy p rom is i ng f o r quality c o n t r o l o f t h e me-
chanica l action processes so impor tant i n t h e paper
manufacturing industry. It would appear that image
analysis and pat tern recogni t ion techniques a re s u i t e d
f o r t h i s purpose. They could be used t o develop an on-
l i n e measurement system f o r t h e quality c o n t r o l o f
mechanical pulp. Fiber length distr ibut ion could be
determined by image analysis and expressed i n whatever
form i s most suitable. It may be poss ib le t o obtain a
measure o f t h e s p e c i f i c area o f a pulp by measuring the
geometr ic area o f t h e pulp f i be rs . And it should be
en t i r e l y poss ib le t o character ize the shape f a c t o r s f o r
t h e pulp as w e l l . Image analysis technology c e r t a i n l y
appears t o have a l l the necessary a t t r ibu tes f o r an on-
l i n e system f o r character iz ing mechanical pulps.

For such an on- line system, we w i l l argue below by
demonstration that some o f these characterizing mea-
surements can be made w i t h exist ing image analysis
technology. It remains here t o discuss t h e general
requirements that must be met before such technology
can be brought t o bear on t h e part icular measurement
problems we are discussing.

Image analysis technology draws upon contributions
f r o m o p t i c a l engineering and f rom d ig i ta l computer
developments as w e l l as f r o m recent advances i n micro -
e l e c t r o n i c s . It has had notable successes i n such
areas as quantitative analys is o f m e t a l l u r g i c a l prep-
arations, rou t ine analysis o f such b io log ica l prepar -
ations as blood c e l l s , t h e analysis o f x-ray photo -
graphs, and t h e analysis o f images obtained from
s a t e l l i t e s i n monitor ing earth resources. The tech -
nology i s , o f course, comparatively recent i n i t s
mature development; i t s e a r l i e s t accomplishments only
go back as f a r as 1957. 5

But c e r t a i n common charac te r i s t i cs have consis -
tent ly been evident i nall successfu l applications o f
image analysis technology. I n a l l cases the re i s need
f o r a transducer f o r capturing the bas ic op t i ca l data
whether it be data from an x-ray detector, e a r t h
r e f l e c t i v i t y t o a s a t e l l i t e , o r microscope opt ica l data
i n a blood c e l l analyzer. The scanning t ransducer
device serves t w o funct ions: f i r s t , that o f gathering
t h e basic data and second, in part icular cases, the
addit ional f u n c t i o n o f being able t o be d i rec ted t o a

spec ia l point o f i n t e r e s t i n a source o f data otherwise
too complex o r too large f o r purposes o f complete
analysis. Thus i n the analysis o f images obtained from
pulps one would ant ic ipate t h e need f o r a device which
cou ld scan a microscope f i e l d o f f i b e r s i n a d i lu te
suspension i n order t o find those fu r the r t o be ana-
lyzed.

A second major c h a r a c t e r i s t i c o f image analysis
instruments i s t h e in terna l d i g i t a l l o g i c w h i c h governs
t h e analysis that they perform. Th is d i g i t a l l og i c
assumes t w o forms i n most o f t h e developments t o date.
The f i r s t and e a r l i e s t form i s that o f t h e general
purpose programmable computer i n w h i c h t h e program,
w r i t t e n independently o f t h e computer and f e d into it,
governs t h e analysis made on t h e scanned data. The
other form o f t h e device i s functional ly s i m i l a r t o the
f i r s t but does not have programming capability. Rather
it takes t h e program f r o m an otherwise programmable
machine and reduces it usually t o microprocessor
hardwired l o g i c with r e s u l t i n g increases i n speed and
decreases i n f lex ib i l i t y . Both t h e programmable and
t h e hardwired types o f devices a r e capable o f per-
forming a wide var iety o f measurements. What determines
the t y p e o f device sui tab le i n any one particular image
analys is instrument i s t h e p r e c i s i o n and completeness
w i t h w h i c h t h e kind o f analysis t o be performed c a n be
spec i f i ed beforehand. It i s axiomatic i n t h e computer
f i e l d that exhaustiveness, completeness, and u l t i m a t e
p rec i s ion a re requirements that must be met by any
procedure which i s t o be automated. Only occas ional ly
i s it possible t o design an ana lys i s procedure which by
defaul t can invoke human ass is tance i n order t o sup-
plement an otherwise incomplete a lgor i thmic descrip -
t ion. A main purpose o f our presentat ion here i s t o
suggest some algorithms that meet these desiderata as
candidates f o r possible full automation o f paper f i b e r
analysis.

The kind o f stringent requirements that must be
met by image analysis algorithms before t h e y can serve
as t h e basis f o r u s e f u l instruments have typical ly been
achieved in e i t h e r o f two ways. In the f i r s t way,
exper imenta l developments using programmable computers
have l e d i n an evolut ionary fashion t o spec i f icat ions
f o r instruments which carry out t h e algorithms that
have been developed on the general purpose machines.
A second, more recen t approach 6 involves successful
developments i n which ex is t ing instruments that per -
formed laboratory analyses were automated by intro -
oducing microprocessor based computer cont ro l . It
would be fo r tuna te t o be able t o s t a r t w i t h e x i s t i n g
image analysis instruments cur ren t l y used f o r paper
f i b e r analys is and t o suggest methods o f automating
these e x i s t i n g instruments. Unfortunately, the t y p e o f
measurements we are concerned with h e r e are not cur -
rently sub jec t t o any degree o f rout ine automatic o r
semiautomatic measurement. Therefore, t h e more evolu-
tionary approach recommends i t s e l f , i n which general
purpose programmable instruments are used t o t e s t
measurement algorithms. To t h e extent that these
algori thms prove success fu l i n prototype, they can be
reduced t o hardware implementation with spec ia l i zed
microprocessor based technology. Although t h i s evolu-
t ionary approach i s c e r t a i n l y more t i m e consuming, the
current pace at w h i c h such developments are reduced t o
implementation i n high speed microprocessors leads one
t o b e op t im is t i c about the development t i m e s involved.
The approach we take , t he re fo re , w i t h respect t o
automating t h e measurement o f morphological p r o p e r t i e s
f o r paper f i b e r s i s the evolutionary one i n which we
develop measurement algorithms on a general purpose
programmable computer and then use these algorithms as
spec i f ica t ions f o r subsequent instrument developments
w h i c h can c a r r y out t h e same algori thms but l e s s
expensively and very much fas te r .
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111. Fiber Measurement Algorithms

A. Semiautomatic Data A c q u i s i t i o n

For purposes o f defining an image analysis al-
gori thm and exhibit ing t h e r e s u l t s o f such an analysis,
we adopt here t h e procedure o f using semiautomatic
methods f o r data acquisition. We will discuss subse-
quently t h e methods for acquiring these data with image
scanners. The data t o be analyzed cons is ts o f a set o f
photomicrographs such as that shown in Figure 1 in
which a separable but nevertheless partially over-
lapping set o f f i b e r s appears. Manual measurements on
these f i b e r s can be made by using graphic s ty lus
techniques. We have mi t ten programs w h i c h use a
graphic s ty lus t o t r a c e t h e f i b e r s in Figure 1 and t o
provide t o t h e computer coordinate information concern -
ing the loca t ion o f po in ts t raced along each o f the
f i be rs .

With a 10.2 cent imeter by 12.7 cent imeter print
photomicrograph and a graphic tablet having a resolu -
t ion o f 0.25 mi l l ime te rs , we can manually t race each o f
the f i b e r s by successively placing t h e graphic s ty lus
on points arbitrarily chosen along the length o f the
f i b e r and automatically r e g i s t e r t h e x and y coordinates

-
PriLp Showing individual Fibers

o f such points. With t h e programs we use it i s pos-
s i b l e t o t e l l t h e computer which points cons t i tu te the
begiMing and end o f each f ibe r . Th is manually solves
an important image analysis problem o f separating
individual f i b e r s which overlap. In Figure 2 we show a
display produced by t h e computer exhibiting f o r each
internal point measured along each f i b e r the locat ion
o f that par t i cu la r point. Only those f i b e r s lying
wholly within the microscope f i e l d have been traced.

This method o f manually tracing f iber photomicro -
graphs inherently contains c e r t a i n errors. There i s
t h e e r r o r associated w i t h imprecise placement o f the
graphic stylus on the image. There i s also an er ro r
associated w i t h the nonsystematic choice o f measurement
points along the length o f t h e f iber. For t h e data
that was analyzed in t h i s experiment, po in ts were
chosen according t o a nonrepeatable c r i t e r i o n i n which
more points were plot ted in regions where f ibers bend
and fewer i n stra ight sect ions o f such f i b e r s as can be
seen in Figure 2.

Not ice that w i t h t h i s semiautomatic method o f
acquiring the image data, it i s poss ib le by straight -
forward methods t o separate f i b e r s which are

Figure 2: Tracing o f Photomicrograph i n Which Manual
Tracing Poin ts are Marked

otherwise overlapping. Thus t h e or ig inal image o f
Figure 2 can be transformed and rescaled in to t h e image
o f Figure 3 in w h i c h individual f i b e r s have been
translated so as t o el iminate overlap and t o make it
possib le t o perform measurements on iso la ted f ibers .

p' c

Figure 3: Image o f Figure 2 i n Which Individual
Fibers Have Been Separated by t h e Computer
With Lengths ( in Uni ts o f 0.01 mm)
Calculated f o r Each Fiber

B. Fiber Length Calculation

Once a sequence of points along the length o f a
f i b e r have been located, a number o f possible mea-
surements can be made. The most use fu l and also
simplest i s t h e measurement o f f i b e r length. Using t h e
points s imi lar t o those indicated i n Figure 2, a
sequence o f straight l i n e vectors joining those points
can serve as an approximation f o r the o r i g i na l f i be r .
The length o f the f i b e r then i s approximated by t h e sum
o f t h e lengths o f the straight l ine vectors Joining
those points i n sequence along the fiber. For those
f ibers shown in Figure 2, t h e length o f the original
f i be r given i n un i t s o f .01 m i l l i m e t e r i s shown in
Figure 3. Thus one o f t h e f ibe rs i n Figure 3 i s as
long as 2.47 m i l l i m e t e r s and one o f them as short as
0.04 mi l l imeters . These are t r u e pro jected lengths
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obtained by calibrating t h e photographic process with a
microscope r e t i c l e .

Using t h i s method we measured f i b e r lengths f o r
th ree di f ferent pulps. The f i r s t was a southern
softwood pulp f o r which 425 f ibers were measured from a
sequence o f d i f f e ren t photomicrographs. The second was
a northern softwood pulp for which 620 f ibers were
measured. The las t was a hardwood pulp for which 1,540
f ibers were measured. Inall2,585 fibers were mea-
sured. A histogram showing the rllistxibution o f f i b e r
lengths f o r tbeee tbree pulps i s given in Figure 4 i n

t e r . The longest
r s i n length.

S i g n i f i c a n t & d i f fe rea t leng th distr ibut ions charac-
t e r i z e t h e ~ ~ f ~ e r ~ n ttypes o f pulps. Thus, as one might
expect. the h ~ ~ ~ dpulp shows a preponderence o f
short f i b e r s with the softwood pulps having broader
distributions and longer f ibers.

With these semiautomatic data being used t o
approximate the shape o f t h e f ibers, the re a re sma l l
systematic biases lead ing t o underestimates i n t h e
f i be r lengths. One underestimate comes from the fac t
that t h e straight l i n e cords joining points along
f i b e r s are shorter than t h e a r c length along the
fibers. That e r r o r i s reduced by taking points c lose r
together. As can be seen i n t h e example o f Figure 2,
po in ts were taken c lose r where t h e r e was bending i n t h e
f ibers. One would expect with a fully automatic method
t o use points considerably c lose r together than i s

I

LENGTH

F i g u r e 4: Histogram o f Fiber Lengths fo r Three Pulps
i n Length Classes o f 0 . h . Tracings Were
Made f o r 425 Southern Softwood Fibers
(Sol id Line), 620 Northern Softwood Fibers
(Dotted) and 1540 Hardwood Fibers (Dashed).

p rac t i ca l with the semiautomatic method used here. The
other systematic bias i s caused by t h e use o f f iber
images projected on a plane. The e f fec t o f t h i s er ro r
i s reduced by proper microscope s l ide preparation.

C. C u r l Measurement

By using these same f i b e r tracing data it i s
poss ib le t o make a measurement o f a morphological
property o f t h e f i b e r s that i s a candidate f o r cap-
turing t h e not ion o f " curl " as it i s c u r r e n t l y under-
stood i n paper physics. To understand t h e algorithm
f o r c u r l measurement consider t h e image o f Figure 5 i n
which a s ing le f i be r taken f rom Figure 2 i s displayed
enlarged. Here t h e tracing points a r e not indicated.
Rather, at each internal point along the f ibe r , a
number i s shown which indicates the angle at that point

between t h e two straight l i n e vectors inc iden t upon
that point. Thus as we proceed around the f i b e r , the
angles between t h e straight l i n e segments consti tut ing
that f i b e r as it i s t raced are successively lo o, - 2 6 O ,
33O, 8 O and so on. These angles indicate the bend o f
t h e f i b e r a t each o f the points manually traced.

These angle measurements have been obtained f o r
allo f t h e 2,585 f i b e r s which were traced. This
produces a very la rge se t o f data and ra ises t h e
quest ion o f how best these data may be understood t o
capture the notion o f cu r l . One interest ing poss ib i l i t y
i s indicated in Figure 6. Here we show t h e same image
o f Figure 2 with only B s r n ~ l lsubset o f t h e tracing
points being marked. Those points are marked f o r which
the corresponding angle mrsurement exceeds, i n t h i s
case, 45O. We thus see a set o f f i be r s which are
marked at those points which bend w i t h an angle greater
than some prescribed amount. 4 5 O , i n t h e case o f
Figure 6.

Figure 5: Single Fiber ( f rom Center o f Figure 3)
With Angle o f Bend Displayed at Each P lo t ted
Point

L /-

Figure 6: Image o f Figure 2 With Just Those Points
Marked Where Angle o f Bend Exceeds 4 5 O

One might now systematically use t h i s method t o
quantify the notion o f c u r l . Suppose we consider that
f i be r s are divided i n t o segments, each segment being
located between t w o adjacent marked points or between a
marked point and t h e end o f the f i b e r . Thus i n Figure 6
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some o f the segments for the 45' angle cons t i tu te t h e
whole f i b e r , whereas other segments a re proper subparts
of a whole f i b e r . Some f i b e r s a re "broken" i n t o several
segments i n Figure 6. We can sys temat i ca l l y present a
whole set o f data corresponding t o the f i b e r s from a
part icular pulp by a method whose r e s u l t s a re shown i n
Figures 7, 8 and 9. To understand these th ree dimen-
s i o n a l surfaces, consider what would happen if we were
t o take t h e distribution o f f i b e r segment lengths
rather than whole f i b e r lengths as we d id i n Figure 4.

For each d i f fe ren t angle and resu l tan t segmenta -
t i o n as in Figure 6, we get a d i f fe ren t histogram.
Thus the histogram o f f i b e r segment lengths corre -
sponding t o an angle o f bend sharper than 180' i s o f
course t h e ordinary f i b e r length histogram since no
bend i n a f iber can be greater than 180°. Thus i n each
o f F igu re 7, 8, and 9, the p lane closest t o t h e obser-
v e r corresponding t o an ang le o f 180' i s mere ly the
c l a s s i c a l f i b e r l e n g t h histogram, j us t as it appears i n
Figure 4. Now however, we see in addition how t h e
histogram o f f i b e r segment lengths changes as we change
t h e ang le o f bend. I n each o f these th ree f igu res as
one moves one's point o f view away f r o m t h e front
plane, t h e shape o f t h e distribution o f f i b e r segments
changes significantly.

Interest ingly enough t h e change f r o m the c l a s s i c a l
f iber length distribution t o others through t h e
use o f c u r l information i s slower f o r the hardwood
pulp than it i s f o r t h e t w o softwood pulps. There a re
many d i f f e r e n t ways t o interpret these surfaces exhibit -
ing t h e histogram o f f i b e r segment lengths as a func t ion
o f c u r l angle. Corresponding t o each o f these i n t e r -
pretat ions the re i s a d i f f e r e n t candidate measurement
w h i c h captures a notion corresponding t o c u r l . We do
n o t presume here t o choose among these various measures
but ra ther t o suggest that a choice among them may
y i e l d a candidate w h i c h can serve as a u s e f u l algorithm
t o quantify that not ion o f c u r l which can predict paper
propert ies.

Y

Figure 8:

Y
m..
2
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Figure 9:

Figure 7: Histogram o f Number ( Y ) o f Fiber Segments
i n Length In te rva ls (X) : 0 m., (0.1 m.),
3.4 m., as c u r l Angle (2) i s varied 180',
( 3 O ) , Oo. Measurements from 1540 F u l l
Fibers Traced From Hardwood pulp.

Histogram o f Number (Y) o f F iber Segments
i n Length In te rva ls ( X ) : 0 m., (0.1 mm.),
3.4 m., as c u r l Annle ( 2 ) i s Varied 18o0,
(3'1, 0'. Measurements from 620Full
Fibers Traced From Northern Softwood Pulp

I

Histogram o f Number (Y) o f Fiber Segments
i n Length In te rva ls (X ) : 0 mm. (0.1 m.),
3.4 m., as cu r l Angle i s Varied 1800, ( p ) ,
Oo. Measurements From 425FullFibers
*aced From Southern Softwood pulp

D. Image Analysis Algorithms

We have attempted t o establish that measurement
methods based on algorithms can be applied t o obtain
f iber measurements which are commonly used t o p r e d i c t
paper properties. However, t o be able t o c l a i m that t h e
measurement process has been fully automated, one must
ind ica te how t h e r a w data f rom microscopy can be cap-
tured by fu l l y automatic means. A subsequent repo r t
willdeal w i t h these data capturing techniques and
methods o f fully automating them. For the present, we
w i l l exhibit some automatically acquired data and
mention problems subsequently t o be solved. Figure 10
shows a computer display o f some automatically scanned
f ibers. These data were produced by scanning a photo-
micrograph o f paper f i b e r s similar t o those shown in
Figure 1. A small sect ion o f a 10.2 centimeter by 12.7
cent imeter image can be displayed as i n Figure 10 by
using sui tab le printing charac ters t o denote t h e d i f fe r -
ent opt ica l densit ies o f the photographic transparency
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which has been scanned. With a 25 micrometer spat ia l
resolut ion on the scanning device, t h e N1 resolut ion
captured i s shown in Figure 11 i n which some o f the
internal st ructure o f t h e scanned f iber can be seen.
Such data can be obtained w i t h a wide variety o f
scanning sensors. Ours resolves o p t i c a l dens i t i es i n
the range f rom zero t o 2.0 i n 256 equally spaced
increments. The d isp lay i s produced by using charac -
t e r s that discriminate only a few o f these density
leve ls . To produce data such as those in Figure 2 from
a scan, such as that used t o produce Figures 10 and 11,
requires t h e use o f tracking a lg~r i thms.~The use o f
tracking algorithms applied t o scan data willbe the
sub.lect o f a f u t u r e report.

Figure 10: Computer Display o f a Sect ion of a
Scanned Fiber Photomicrograph

Figure 11: Display a t Full 25 Micrometer Resolution
o f S m a l l Sect ion o f 10.2 x 12.7 cent imeter
Photomicrograph Simi lar t o Figure 1.

I V Conclusion

We have attempted t o explore the c lass o f ques-
t i ons concerned with making measurements on the r a w
materials used by t h e energy intensive paper industry.
The measurements we have considered correspond t o w e l l
establ ished informal measurement procedures accepted by
t h e paper industry. Although many such measurements

have received some attention leading toward fonnali -
zation none have y e t reached t h e stage o f formalization
where they can be fu l l y automated. By exploring the
question o f fullautomation, we hope t o lead i n a
d i rec t ion toward cooperation between t h e needs o f the
paper industry and t h e capab i l i t i es o f t h e image
analysis instrument industry.
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